A quantum field theory warm inflation model is presented that solves the horizon/flatness problems. The model obtains, from the elementary dynamics of particle physics, cosmological scale factor trajectories that begin in a radiation dominated regime, enter an inflationary regime and then smoothly exit back into a radiation dominated regime, with nonnegligible radiation throughout the evolution.
the sky comes from the cosmic microwave background radiation (CMBR) measurements, which shows an isotropic temperature up to one part in 10 5 [1] . In the early days, such observations confronted the big-bang model with its foremost puzzle; since the observed universe is composed of over 10 23 causally disconnected domains, why should its temperature be so nearly homogeneous?
The resolution of the horizon problem, which underlies inflationary cosmology [2] (for a complete list of references see [3] ), is that at a very early time, the equation of state was dominated by a vacuum energy density ρ v , so that the scale factor grew quasi-exponentially.
During such an epoch, a small causally connected patch could grow to a size that encompasses the comoving volume which becomes the observed universe today. In the standard (isentropic) inflationary scenarios, the radiation energy density ρ r scales with the fourth power of the inverse of the scale factor and becomes quickly negligible. In such case a short time reheating period is necessary that terminates the inflationary period and initiates the radiation dominated epoch. On the other hand, the only condition required by General Relativity for inflation is that ρ r < ρ v . Inflation in the presence of nonnegligible radiation is characterized by non-isentropic expansion [4, 5] and thermal seeds of density perturbations [6] . This can be realized as an extension to supercooled inflation scenarios, in which reheating still is necessary, or it can be realized in warm inflation scenarios [7] in which there is no reheating.
Warm inflation dynamics in a simple form is characterized by overdamped GinzburgLandau field kinetics. The quantum dynamics underlying such kinetics are implicitly related to a quasi-adiabatic regime [7] . Following methods developed in [8] [9] [10] , in [11] it was shown for an interacting scalar boson model that overdamped motion can be realized in quantum field theory. However, the simultaneous requirements of overdamped motion and cosmological expansion are formidable obstacles. In this Letter, a toy quantum field theory warm inflation model is presented that yields an overdamped motion for the inflaton, during which time the scale factor undergoes an inflationary expansion which smoothly exits into a radiation-dominated regime, with ρ r slowly and monotonically decreasing throughout the whole process.
We consider the following Lagrangian of a scalar field φ interacting with
where all coupling constants are positive: λ, f ij , g 2 ij > 0. For simplicity, we consider in the following f ij = f , g ij = g. We call this kind of model a distributed mass model (DMM), where the interaction between φ and the χ ij fields establishes a mass scale distribution for the χ ij fields, which is determined by the mass parameters {M}. Thus the χ ij effective field-dependent masses, m χ ij (φ, T, {M}), can be constrained even when φ = ϕ is large. A specific choice of {M} will be given shortly. The φ − χ interaction can be made reflection symmetric φ → −φ, but for our purposes we will consider all M i > 0 and φ > 0.
The 1-loop effective equation of motion for the scalar field φ is obtained by setting φ = ϕ + η in Eq. (1) and imposing η = 0. Then from Weinberg's tadpole method [12, 13, 11 ] the 1-loop evolution equation for ϕ (for homogeneous field) is
In the above, the term 3Hφ describes the energy red-shift of ϕ due to the expansion of the Universe. This term comes naturally once we start with a background expanding metric for (1). In the warm-inflation regime of interest here, the characteristic time scales (given by the inverse of the decay width) for the fields in (1) are faster than the expansion time scale, 1/H. In this case, the calculation of the (renormalized) thermal averages in (2) can be approximated just as in the Minkowski space-time case, from which we obtain, for quasistatic fields [9] (or in the adiabatic, strong dissipative regime, which was presented in [11] following a different method),
and
where the number densities n φ (k) and n χ ij (k) can be written, in the strong dissipative regime, as [9] n φ(χ) (k) = n eq.
where n eq.
is the equilibrium number density for φ(χ) particles, with
, where Γ φ(χ) is the decay width for the φ(χ) particles.
As we have shown in previous work [8, 11] (although by using a different method), we can then put Eq. (2), using (3) -(5), in the form
where V ′ eff (ϕ, T ) = ∂V eff (ϕ, T )/∂ϕ, is the field derivative of the 1-loop finite temperature effective potential, which can be computed by the standard methods (in fact this is the resummed effective potential, with masses written in terms of the finite temperature effective masses) and η(ϕ) is a field dependent dissipation, given by
As discussed in [9, 11] , (6) is valid provided the adiabatic regime for ϕ is satisfied, i.e., the dynamic time-scale for ϕ must be much larger than the typical collision time-scale (∼ Γ −1 ), leading then to the condition
where Γ is the smallest of the thermal decay widths Γ φ , Γ χ ij , as it will set the largest time-scale for collisions for the system in interaction with the thermal bath.
A warm inflation scenario is constructed below based on the following specific DMmodel. T BI , the temperature of the universe at the beginning of warm inflation, will be the reference scale for all dimensional quantities. The DM-model Eq. (1) has an essential
, the respective χ ij -fields j = 1, . . . , N χ are thermally excited and outside this interval, from Eq. (4) the effect of these fields in the equation of motion (6) can be neglected. Guided by this fact, we will consider the DM-
, and φ fields are thermally excited. All other χ i ′ j -fields, for i ′ = i, i + 1
and thus are cold.
The cutoff form max χ
can be a few factors bigger than one, as will be shown in the results.
In addition to these 2N χ + 1 fields that participate in the dissipative dynamics of ϕ in each interval M i+1 > ϕ > M i , in general there can be a set of "heat bath" fields that increase the particle degrees in the radiation system, but do not otherwise contribute to dissipation.
To keep the notation convenient, we will add 2(N χ + 1) 1+α − (2N χ + 1) heat bath fields, so that in total the radiation system always has g * ≡ 2(N χ + 1) 1+α particle degrees for any interval where ϕ is. Here α is a free parameter.
To simplify the calculation to follow, we consider the region where ϕ ≫ T and the λϕ 3 /6
term dominates the equation of motion. From V ′ eff (ϕ, T ) the leading χ field contribution
, so that the constraint requires λϕ 3 ≫ O(gN χ T 3 ). In the regime that will be examined λ ≪ 1 so that
. As a simplification, the χ-mass will be estimated at its largest value (m 
where
To impose the most stringent constraint from this, it will be taken at the maximum value m max χ from eq. (9). In fact, considerable increase in dissipation, thus improvement in the results to follow, occur by accounting for corrections when χ is in the smaller mass region.
This detail will be addressed elsewhere. In the regime outlined above, the effective equation of motion for ϕ, Eq. (6), in the interval M i+1 > ϕ > M i and in the overdamped limit is
and the dominant χ contribution to η 1 is given as in [11] . Observe that as ϕ moves through the interval M i+1 > ϕ > M i ,
with 0.5 < κ < 1. Since we are examining the region ϕ ≫ T , we can ignore the weak ϕ dependence in η i,i+1 . In this case, the solution to Eq. (11) is
with
BI ) and H BI = 2πλφ 4 BI /(9m 2 p ). Time has been rescaled as t = τ /H BI with the origin chosen such that ϕ(τ = 0) ≡ ϕ BI , which implies τ 0 = 0.
The resulting warm inflation cosmology for such a field trajectory in any interval M i+1 > ϕ > M i is equivalent to the n = 4 model in [5] . Such a cosmology yields a power-law warm inflation which never terminates and for which in the steady state regime ρ r (t)/ρ v (t) = const. In our model, warm inflation terminates into a radiation dominated regime once ϕ < M i=0 , since below that point the dissipative term becomes negligible, in which case ϕ coasts down the potential. Partial damping could also be considered so that ϕ does not oscillate considerably about the minima. However the essential point of interest here is to show that once ϕ reaches M 0 , sufficient e-folds N e have occurred while the universe has nonnegligible radiation.
For simplicity, the steady state cosmology in flat spacetime will be examined, which implies from [5] , for W 4 ≫ 1 (from (13) we can show that this is the condition necessary in order to satisfy simultaneously the adiabatic condition (8) and Γ φ(χ) > H)
Initial conditions that are more realistic, such as ρ r (0) > ρ v (0) rapidly evolve into the steady state behavior. Eq. (14) in terms of the parameters of the model is
T BI will be the temperature of the universe at τ = 0. In this steady state regime, the scale factor solution is [5] 
with initialization R(0) = 1.
Our goal is to compute W 4 from the microscopic parameters of the model and consistent with the many constraints given above and in section V of [11] . The power-law expansion behavior of the scale factor, Eq. (16), is such that the major factor of growth happens for τ /W 4 < 10. N e = W 4 e-folds occur at time τ /W 4 = e − 1. We will restrict our calculation within this time interval. At the end of this interval ϕ(τ ), Eq. (13), and T have not
This simplifies the analysis of the constraint equations, since they can be analyzed at the initial values ϕ BI , T BI and approximately will be valid throughout this interval.
The constraint equations for computing W 4 are as follows. To satisfy the thermalization conditions Γ χ , Γ φ > H, we will set H BI = min(Γ χ , Γ φ ). This condition may be under restrictive to obtain good thermalization, but it provides the maximum parameter region that may be useful. It should be noted that since H ∼ ϕ 2 and Γ ∼ T , as warm inflation proceeds, thermalization improves. The thermalization condition automatically implies the adiabatic condition, eq. (8) comfortably is satisfied.
All the constraints are expressed in the following four relations (17) and (18) from which the remaining two equations follow, up to a choice for R χφ < 1. Note that the only cases requiring additional heat bath fields (α > 0) are in parametric regimes when the right-hand-side of Eq. (17) is greater than 1, since we require R χφ < 1.
In [11] analytic expressions were obtained for Γ(q) and η 1 in the simplified limit |q| = 0, obtain N e ∼ 60 e-folds of warm inflation for all three cases, ϕ BI /T BI ≈ 3000, λ ≈ 10 −9 .
An absolute scale is fixed by setting m p = 10 19 GeV from which for N e ∼ 60 e-folds, we find T BI ∼ (10 13 − 10 14 )GeV and H BI ∼ (10 9 − 10 10 )GeV (the temperature at the onset of warm inflation, ρ v = ρ r , is (2W 4 ) 1/4 ∼ 3.3 times bigger than T BI , and rapidly decreases to T BI during the transient period). From the resummed shear viscosity calculation in [14] and its relation to the dissipative coeffient noted in [11] , we estimate that all the curves in Fig. 1 would be shifted up by a factor four. Aside from our liberal thermalization condition, the results in Fig. 1 are for the most restrictive conditions. A thorough investigation of the parameter space requires a comprehensive numerical study of the 2-loop dissipative functions. These results will be reported elsewhere.
The distributed mass model (DMM) studied here was motivated by the requirements of warm inflation, dissipative dynamics and perturbative renormalizability. Although the shifted φ − χ interaction is atypical to particle phenomenology, above the electroweak scale there is no real knowledge of what happens. In fact, cosmological consistency is a fair phenomenological guide to particle physics above the electroweak scale. On the other hand, it is also interesting to examine possible consistencies of DMM with contemporary ideas about the high energy world. DMM with a regularly spaced mass distribution has a remnant likeness to string theory, in which the distribution of χ fields is associated with excitation modes of a string. Alternatively for a large random distribution of masses, DMM or more general continuous mass models (CMM) contain the essence of complexity theory.
In summary, first principles quantum field interactions can realize a warm inflation regime and for sufficient duration to solve the horizon/flatness problems. The interplay between inflationary expansion and radiation production has been a persistent problem since the earliest history of inflationary cosmology. Thus, despite the many unanswered questions about this model, its underlying mechanism is a unique and simple resolution to the problem.
Further study of the inflaton k-modes is necessary to address the density fluctuation problem. 
